The T cell repertoire is shaped in the thymus through positive and negative selection. Thus, data about the mature repertoire may be used to infer information on how TCR generation and selection operate. Assuming that T cell selection is affinity driven, we derive the quantitative constraints that the parameters driving these processes must fulfill to account for the experimentally observed levels of alloreactivity, self MHC restriction and the frequency of cells recognizing a given foreign Ag. We find that affinity-driven selection is compatible with experimental estimates of these latter quantities only if 1) TCRs see more peptide residues than MHC polymorphic residues, 2) the majority of positively selected clones are deleted by negative selection, 3) between 1 and 3.6 clonal divisions occur on average in the thymus after completion of TCR rearrangement, and 4) selection is driven by T he T cell repertoire is shaped in the thymus by three processes. First, TCR V-region coding genes are generated by randomly rearranging V(D)J segments and inserting random nucleotides between them. This mechanism creates the diverse repertoire of TCRs needed for the immune system to cope with unpredictable pathogens. Second, positive selection (1, 2) promotes the differentiation to a further developmental stage of cells bearing receptors with a sufficiently large affinity for peptides presented on molecules of the MHC expressed in the thymus. This confers to T cells the property of self MHC restriction: they recognize peptides presented in the groove of host MHC molecules, but ignore them when presented on foreign MHC (3-7). Third, negative selection (8, 9) deletes cells whose TCRs bind thymic MHC-peptide complexes with very high affinity, thus preventing the emergence of self reactive T cells. Overall, only about 3% of thymocytes have the intermediate affinity needed to fully mature (10).
T he T cell repertoire is shaped in the thymus by three processes. First, TCR V-region coding genes are generated by randomly rearranging V(D)J segments and inserting random nucleotides between them. This mechanism creates the diverse repertoire of TCRs needed for the immune system to cope with unpredictable pathogens. Second, positive selection (1, 2) promotes the differentiation to a further developmental stage of cells bearing receptors with a sufficiently large affinity for peptides presented on molecules of the MHC expressed in the thymus. This confers to T cells the property of self MHC restriction: they recognize peptides presented in the groove of host MHC molecules, but ignore them when presented on foreign MHC (3-7). Third, negative selection (8, 9) deletes cells whose TCRs bind thymic MHC-peptide complexes with very high affinity, thus preventing the emergence of self reactive T cells. Overall, only about 3% of thymocytes have the intermediate affinity needed to fully mature (10) .
In addition to self MHC restriction, the mature repertoire is also characterized by a high alloreactivity. Typically, 1-24% of T cells react against the product of a given foreign MHC allele (11, 12) . This high response frequency is hard to reconcile with the fact that only one T cell in 10 4 -10 6 of the naive repertoire recognizes a given pathogen (13, 14) .
What should the quantitative properties of the processes driving TCR generation and selection be to produce the experimentally observed levels of self restriction, alloreactivity, and Ag response? Previously, we developed a mathematical model relating these latter quantities to the parameters driving affinity-based selection (15) and showed that this model gives a reasonable quantitative account of self MHC restriction, alloreactivity, and Ag response frequency (16) . In particular, we found that the difference between alloreactivity and Ag response frequencies is satisfactorily explained by the affinity model. We go one step further in the present paper by determining what ranges of parameters driving repertoire generation are implied by the observed properties of the mature repertoire.
The parameters of our model fall into three categories. TCR/ MHC-peptide interaction is quantitatively controlled by the numbers of peptide and of MHC residues involved in binding to TCR. At the level of sets of molecules, peptides and MHCs are characterized by their respective diversity. Finally, the stringencies of positive and negative selection are expressed as affinity selection thresholds. The stringency of positive selection can be inferred from data on the overall stringency of selection and on the amount of thymic clonal expansion following TCR rearrangement (16) . Our analysis consists of calculating the levels of self MHC restriction, alloreactivity, and foreign Ag response frequencies for all the combinations of parameter values that could be inferred from experimental data. Although a significant portion of the parameter space thus defined is consistent with the generation of a repertoire with realistic properties through affinity-based selection, some measurements reported in the literature are incompatible with it.
Quantitative Model of T Cell Selection
We give a concise verbal description of the concepts underlying our model of T cell selection. A rigorous mathematical definition of this model can be found in Refs. 15 and 16. A computer implementation is also available (a software package in C language implementing the model and related simulations can be downloaded from ftp://ftp-t10.lanl.gov/pub/detours/abs-lab-1.1.tar.gz).
Protein shapes and binding affinities
The features of two proteins that determine their binding can be described with a relatively small number of parameters, such as their geometric shape, charges, and hydrophobicity. All these parameters combine to form the protein's "generalized shape" as defined in Ref. 17 . As in previous simulation studies (reviewed in Ref. (18), we model the generalized shape of a protein as a string of digits, from an alphabet of up to 255 digits. (The size of the alphabet does not affect the results, as long as it is large enough (15) .) The strength of binding of two proteins is then defined as the degree of complementarity between the digits representing their generalized shapes (Fig. 1) . Only the interface between TCRs and MHC-peptide complexes (framed region in upper diagram in Fig. 1 ) is represented in the model. We define the affinity, K, between two digit string proteins, as the sum of their individual digit interactions.
Our model describes residues at the interface between TCRs and MHC-peptide complexes, not the full structure of these molecules. MHC and peptide are random strings, l m and l p digits long, respectively. In computing binding interactions the strings are aligned so that the central digits of a TCR always contact a peptide, and the digits at the extremities contact MHC. This modeling choice follows from studies according to which TCRs bind MHCpeptide complexes with a common orientation (19) . The model is independent of the linear arrangement of digits. In particular, it is equivalent to a model with digits arranged in a two dimensional array mimicking the solvent accessible surface of proteins (as proposed in Refs. 20 and 21).
TCRs, MHCs, and peptides
In our model, it is assumed that l m and l p are the same for all MHCs and peptides. This assumption is reasonable because we restrict our analysis to class I MHC, which present peptides of fixed length. The number of MHC alleles expressed in an individual is n m . A given MHC allele can present a panel of n p distinct self peptides. We also assume that because of allele-specific binding motifs, MHC molecules of different haplotypes present different subsets of self peptides (22) . This is mathematically equivalent to presenting the same peptides in different conformations (15, 16) , a property that we used in our previous modeling (16) . Thus, a TCR is selected by a self environment composed of n m ϫ n p MHC-peptide complexes.
Our goal is to measure self restriction and alloreactivity, which depend, by definition, on MHC polymorphism and on the specificity of TCRs. Therefore, MHC polymorphism-independent effects do not need to be part of the model. Hence we make the following simplifications. The effect of T cell coreceptors is omitted. Conserved MHC residues are not represented, i.e., the n m MHC segments are interpreted as the polymorphic parts of MHC molecules accessible to TCRs. To our knowledge, there is no evidence for a germline-encoded bias of TCRs toward recognition of some particular peptides, and bias toward recognition of MHC most likely results from interaction with MHC conserved residues (23) (24) (25) , which are not taken into account here. Thus, assuming that preselection TCRs are random is justified in the context of the model (see Ref. 16 for a more extensive discussion of this issue). The peptide does not influence the MHC in the model. Thus, we exclude from our scope of investigation the altered self hypothesis (6, 26) according to which the TCR senses peptide-induced structural features of the MHC rather that the peptide itself.
Positive and negative selection
Selection is implemented by introducing two affinity thresholds for positive and negative selection, K P and K N (K P Ͻ K N ). Clones binding at least one self MHC-peptide complex with affinity K larger than K P survive positive selection. Negative selection deletes clones binding one or more self MHC-peptide complexes with affinity K larger than K N . The values of K P and K N are derived from experimental data by considering the fractions of clones surviving the different stages of selection. Thus, a clone will become part of the peripheral repertoire if its affinity K falls between K P and K N . The fraction f of clones allowed to reach the periphery is:
where f P is the fraction of clones surviving positive selection (a similar parameter is used in Ref. 27) , and f N is the fraction of positively selected clones that survive negative selection (27) (28) (29) (30) . The values of f and f N can be inferred from recent experimental data (see below).
T cell activation and self-tolerance
The activation of selected T cells has to be defined in our model in order to study alloreactivity and Ag response frequency. A clone is considered activated by a set of MHC-peptide complexes if the affinity of binding between its TCR and at least one MHC-peptide complex in this set is greater than K N . The repertoire in the model is thus self tolerant by construction, because no clone having an affinity larger than K N to a self MHC-peptide complex can survive negative selection.
Parameter Ranges for Affinity-Driven Selection
Seven parameters (Table I ) determine mature repertoire properties (see Table II ) in the model. All can be estimated from biological data, except one, the number of possible digits, d max , used in the string representation of TCR, MHC, and peptides. This latter parameter controls the discretization of the model and has no effect on it as long as it is chosen large enough (15) .
Diversities of self MHC products and self peptides
Essentially all progress in the identification and characterization of self peptides in alloreactivity has involved MHC class I systems (31) . Thus, we focus on class I MHC in this paper. There are three class I loci in mice (32) . Alloreactivity and self restriction experiments use inbred mouse strains (33), thus only one allele is present at each locus. Therefore, we set n m ϭ 3. (The analysis for class II can be done in an analogous way.) Because the number of class I loci is known with absolute certitude and is not subject to variation among inbred animals, n m is not varied. About 10 3 -10 4 different peptides can be eluted from molecules of a given MHC allele (34 -37) . Accordingly, Bevan (38) suggests that 10 3 -10 4 self peptides drive selection. Thus, unless specified otherwise, the number of self peptides presented by a given self MHC string is set to n p ϭ 10 4 . However, the effect of varying n p is also explored. Because there are about 10 5 genes in mammals, assuming that all of them are expressed and encode proteins of average length 300 aa, leads to the conclusion that n p Ͻ 3 ϫ 10 7 . Thus, 10 8 is a theoretical upper bound for n p , and consequently we study n p in the range 10 2 -10 8 . 
Contribution of peptide and MHC polymorphic residues to binding
The number of peptide residues and MHC polymorphic residues in contact with TCRs, l p and l m , respectively, are derived from crystallographic data. The structure of TCR/MHC-peptide complex A6/HLA-A2-Tax (39) reveals 7 peptide and 5 MHC polymorphic residues in contact with TCR A6, which gives l p ϭ 7 and l m ϭ 5 digits. Performing a similar measurement for B7/HLA-A2-Tax (40), 2C/H2-K b -dEV8 (41), and 2C/H2-L b -QL9 (42), gives an average of 5.75 peptides and 3.5 MHC residues in contact with TCR. Because l p and l m must be integers, we set l p ϭ 6 and l m ϭ 4. A6, B7, and 2C are all known to be positively selected when expressed in the relevant MHC background. Consequently, the above estimate might not reflect a property of the preselection repertoire. Counting solvent-accessible peptides and MHC polymorphic residues in a class I MHC-peptide crystal structure gives l p ϭ 11 and l m ϭ 5 (43) . This approach is independent of any selection-induced bias, but has its own caveat because only part of the solvent-accessible surface of the MHC-peptide complex is covered by the TCR (39 -41, 44) . In the absence of conclusive data, (l p , l m ) ϭ (6, 4) will be used as default value, but l p will be varied in the range 4 -11, and l m in 2-8.
Stringencies of selection processes
About 20 -50% of positively selected thymocytes survive negative selection (23, 24, (45) (46) (47) (48) . Interestingly, earlier probabilistic models of clonal deletion based on the hypothesis that evolution optimizes the size of the repertoire predicted a very compatible value, f N ϭ 37% (28 -30) . (These three models do not consider positive selection, but assume implicitly that the repertoire submitted to negative selection is constituted exclusively of functional Ag receptors, i.e., of receptors that have been positively selected. Therefore it is legitimate to establish a connection between the fraction of deleted clones in these models and f N .) Alternatively, Laufer et al. (49) estimated that f N Ͻ 95% by counting the number of apoptotic cells in the thymic medulla. The lower bound f N ϭ 20% (46), the intermediate value f N ϭ 37% (28 -30) , and the upper bound f N ϭ 95% (49) will be investigated here.
Three percent of T cells produced in the thymus reach the periphery (50) . However, the fraction of clones, which our model deals with, and the fraction of cells differ because a significant portion of mature T cells divide before emigrating to the periphery (51-53). Scollay and Godfrey (52) suggest that one division occurs before emigration to the periphery. Division also occurs earlier in clonal development, with the fraction of CD4 ϩ CD8 ϩ TCR ϩ cells that proliferate estimated as being 1.5-to 2-fold larger than the fraction of dividing mature thymocytes (10, 51, 54, 55) . Overall these data suggest that TCR ϩ cells go through one to three divisions in the thymus. Thus, if 3% of thymocytes survive selection, the fraction of clones reaching the periphery lies between f ϭ 3% and f ϭ 1 ⁄8 ϫ 3% Ϸ 0.33%. In the absence of more precise information, we assume that two divisions occur on average and hence each clone consists, on average, of four cells. Here, f ϭ 0.75% will be used as the default setting, but the effect of this parameter will be explored in the range 0.19 -3%. Hare et al. (56) report that up to six clonal divisions could take place in the thymus (i.e., f ϭ 3% Ϭ 2 6 ϭ 0.047%). This upper estimate will also be discussed.
Results
Calculations were done for all the 5880 parameter combinations that can be obtained from Table I . The likely operating parameter regime of affinity-driven selection is determined by fitting data on Ag response frequency, alloreactivity, and possibly self restriction (experimental ranges of these quantities are given Table II) .
High alloreactivity implies stringent negative selection and a moderate number of thymic clonal divisions
Alloreactivity, a, is the fraction of clones in the selected repertoire that are activated by a complex of self peptides associated with any of the n m MHCs of a foreign haplotype. Any peptide driving repertoire selection is considered as part of "self" in our model. We showed elsewhere (15, 16) that under the hypotheses stated in the "Model" section, a ϭ f ⅐ (1/f N Ϫ 1). Alloreactivity is given in Table III as a function of f and f N . Increasing the positive selection threshold, K P , either by reducing a Default values are used unless specified otherwise. All the parameter combinations that can be generated using the values in the "Exploration" column are investigated in this paper.
b The parameter n m is known with absolute certitude and is not subject to variation in the congenic mice used in alloreactivity and self restriction experiments. d max has no effect on the model's results if chosen large enough (15). 
Response frequency to foreign peptides is inversely proportional to self peptide diversity
The response frequency to foreign peptides, R, is defined in our model as the frequency of TCRs in the mature repertoire recognizing a given foreign peptide. We find that the impact of f, f N , l m , and l p on R is weak within the explored region of the parameter space. Varying f within the range given in Table I never leads to a variation of R greater than 1.1 log 10 , whatever the values of f N , n p , l m , and l p . Similarly, the difference in R between f N ϭ 20% and f N ϭ 95% never exceed 1.6 log 10 . Finally, varying l m or l p changes R at most by 1.6 and 1.7 log 10 respectively.
By contrast, R varied over at least 4.6 log 10 when n p was changed. We conclude that, within the explored region of the parameter space, R is affected mostly by n p . This is apparent in Fig.  2 , where R is plotted as a function of f, f N , l m , and n p . Changing l p only translates the plots along the l m axis (data not shown), a behavior consistent with our claim that relative, rather than absolute contributions of MHC and peptide to TCR binding influence the model (15) .
Using the default parameters in Table I , we previously found that R is inversely proportional to n p (16) . To check the generality of this result, we measured for each value of f, f N , l m , and l p how well R could be approximated by linear regression on n p . The fits were always excellent (error Ͻ0.5%). Although the parameters of the regression line depend on f, f N , l m , and l p , the slope remains in a narrow range (Ϫ1.2 to Ϫ0.8).
Data on alloreactivity and foreign peptides response frequency implies that 10 3 -10 5 self peptides drive selection
Response frequencies in the experimental range 10
Ϫ6
-10 Ϫ4 (13, 14) are possible only if n p Ͻ 10 5 . Low self peptide diversity, n p ϭ 10 2 , implies R in the biological range only if f N ϭ 95%, a value incompatible with an alloreactivity a Ն 1% (see above). If f N Յ 37%, then n p must be greater or equal to 10 3 for R to be in the range 10 Ϫ6 -10 Ϫ4 . Thus, considering together the constraints on a and R leads to the conclusion that the number of self peptides that drive thymic selection must be in the range 10 3 Յ n p Յ 10 5 . This range is compatible with the estimate 10 3 -10 4 proposed by Bevan (38) and corroborates earlier elution studies (34 -37).
Self MHC restriction increases with the number of thymic clonal divisions but decreases with the stringency of negative selection
Experiments based on the comparison between allogeneic and syngeneic immune responses demonstrated strong restriction in some instances (4, 5, (57) (58) (59) , but weak or absent restriction in others (58, 60 -64) . Thus, it is difficult to draw any conclusion on the average level of self restriction from experimental data. Here, we make the minimal assumption that T cells are better activated, by any amount, by peptides presented on self MHC than by peptides presented on foreign MHC. The extent of self MHC restriction has typically been estimated by comparing the effector activity against foreign peptides presented by self MHC with the activity against foreign peptides presented by foreign MHC. There are no effector functions in our model, but it is reasonable to assume that response intensity is proportional to the number of responding clones, which is measurable in the model. Stockinger et al. (13) assessed self restriction levels by comparing the frequency of precursors against Ags presented in the context of self and foreign MHCs (also see Ref. 6 ). This protocol is closely related to our approach because the frequency of responding precursors is expected to relate closely to the frequency of responding clones.
We define R a as the response frequency to a foreign peptide presented on foreign MHC, and the self MHC restriction ratio, r, as R/R a . A restriction ratio greater than one indicates that on average a larger number of clones in the selected repertoire recognize a foreign peptide if it is presented on self MHC than if it is presented on a foreign MHC. Stockinger et al. (13) gives r in the range 6 -10.
The relation f ϭ f P ⅐ f N (see "Model" section) implies that either decreasing f or increasing f N result in a decrease in f P , i.e., making positive selection more stringent. The result is a higher restriction ratio, r. This effect is clearly apparent in Fig. 3 . The relative contribution of peptide to TCR binding, c p ϭ l p /(l m ϩ l p ), and self peptide diversity, n p , also have a major impact on r. The repertoire cannot be restricted if n p is large and c p small, or if c p is large and n p small.
Compatibility with precursor frequency based estimate of self MHC restriction implies at least one clonal division in the thymus
We showed above that a Ն 1% could be obtained only if f Ն 0.25% (i.e., 3.6 or less clonal divisions in the thymus on average). Further, a value of r Ն 6 could not be obtained with f ϭ 3%. Thus if r Ն 6 reflects biological conditions, as suggested by Stockinger et al. (13) , then f should lie in the range 0.25-1.5%; i.e., between 1 and 3.6 clonal divisions should occur on average in the thymus. Complying further with Stockinger et al. (13) by imposing r Յ 10 does not imply more stringent constraints on parameter ranges.
Combined peripheral repertoire data imply that TCRs contact more peptide residues than MHC polymorphic residues
It is possible to obtain physiological values for alloreactivity, i.e., 1% Յ a Յ 24%, the restriction ratio, i.e., r Ͼ 1, and the foreign peptide response frequency, i.e., 10 Ϫ6 Յ R Յ 10
Ϫ4
, for any of the explored values of l m provided that other parameters are set properly. The same is true for l p . However, the relative contribution to TCR binding by peptide, c p ϭ l/(l m ϩ l p ), is completely determined by the above constraints: we find that the model meets the above experimental requirements only if c p is in the range 36 -85%. Experimental estimates of the level of self restriction range from weak to absolute restriction (63) . The most minimal requirement for self restriction is r Ͼ 1. Requiring r to exceed 6, the lower range reported by Stockinger et al. (13) , narrows the admissible interval for c p to 50 -80%. Thus our model suggests that if T cell selection is affinity-driven, then the contribution of peptide residues to TCR binding should be greater than that of MHC polymorphic residues.
Discussion
We proposed estimates of the parameters driving TCR generation and selection (Table I ) from the data on the mature T cell repertoire (Table II) . The model underlying this analysis is based on the central hypothesis that thymocyte selection is affinity driven. Therefore, the results discussed in the following are predicated on the correctness of the affinity model. Although it plays a major role in current immunological thinking, the view that affinity controls T cells behavior remains controversial (25, 65) .
Our analysis provides information on the average behavior of the T cell repertoire; it does not give a full account of the diversity of biological situations.
Alloreactivity frequency is, by definition, a global property of the T cell repertoire, not the property of any particular TCR/MHCpeptide ternary complex. Our model is a first step in bridging the gap between microscopic molecular events controlling T cell selection and activation and their effect on macroscopic properties of the repertoire. We show that if alloreactivity lies in the range 1-24% (11, 12) , one T cell in 10 4 -10 6 recognizes a given pathogen (13, 14) , and if the repertoire is self MHC restricted (by any amount), then the relative contribution of peptide (as opposed to MHC polymorphic) residues to TCR binding, on average, should be in the range 36 -85%. In other words, if a TCR contacts on average 4 peptide residues, as suggested by several MHC-peptide crystal structures (66 -69) , then it should also contact an average of 0.7-6.5 MHC polymorphic residues. Assuming that the number of T cells activated by a foreign peptide presented on self MHC is on average at least 6-fold larger than the number of T cells activated by a foreign peptide presented on foreign MHC (as suggested in Ref. 13 ) implies a relative peptide contribution of 50 -80%. That is, if four peptides residues mediate TCR binding, then one to four MHC polymorphic residues should also be involved in TCR binding. Thus our analysis suggests that more peptide residues than MHC polymorphic residues should interact on average with TCR. The contribution of conserved MHC residues is not addressed by the current version of our model.
We established elsewhere (15) that alloreactivity both prior to and after selection is given by f ⅐ (1/f N Ϫ 1), where f N is the fraction of positively selected clones also surviving negative selection, and f is the fraction of clones surviving the overall selection process. Examining this relation provides insights into the stringency of negative selection. The fraction f N has been estimated using three different approaches. The first consists of counting the number of apoptotic cells in the thymic medulla, where negative selection is supposedly taking place. Doing so, Laufer et al. (49) found that a minimum of 5% of positively selected cells undergo negative selection (i.e., f N Ͻ 95%). The second approach consists in generating T cells in an environment in which only one peptide sequence is covalently attached to all MHCs. Measuring the number of cells produced in this single peptide environment that also respond to APCs harboring a normal diverse array of self peptides, provides an estimate for the number of cells that would have been deleted by negative selection in a normal animal. This protocol leads to f N in the range 20 -50% (45) (46) (47) (48) . Rescuing thymocytes with anti-CD3 (23), or anti-TCR␣␤ (24) Abs instead of MHC molecule with a covalently bound peptide, gives similar estimates. Finally, theoretical models based on the assumption that evolution minimizes the size of the preselection repertoire, suggest f N Ϸ 37% (27) (28) (29) (30) . Our analysis supports these latter estimates by showing that a repertoire in which more than 1% of the clones are alloreactive can be obtained only if a large fraction of the cells is deleted by negative selection. Low negative selection, f N ϭ 95% (49) coupled with 3% survival of thymocytes, implies high affinity thresholds for positive selection, which in turn implies high self MHC restriction, and therefore low alloreactivity.
The advent of highly active antiretroviral therapy raised considerable interest about immune system regeneration capabilities. The thymus plays an important role in this process (70) , especially for restoring the diversity of the T cell repertoire, because peripheral proliferation in not believed to be associated with TCR rearrangement. Our analysis makes it possible to estimate the extent of clonal proliferation occurring in the murine thymus, which is crucial to the understanding of how the number of cells produced in the thymus relates to the number of new clonal specificities generated, as well as to determining the fraction of recent emigrants that carry T cell receptor excision circles (70) .
Recent evidence shows that the TCR ␣-chain (71-74) gene rearrangement may not stop after a productive receptor gene has been formed and expressed. Rearrangement appears to continue until the cell is either positively selected or dies (75, 76) . The result may sometimes be the maturation of a T cell with two productively rearranged TCR␣ genes, both of which may be expressed (77, 78) , and multiple TCR excision circles. These results have no direct bearing on the study presented here, because we are dealing with the repertoire of TCRs rather than of actual T cells. If a cell makes a secondary rearrangement, it is equivalent, from the point of view of our model, to the deletion of its previous TCR and the introduction of a new TCR. However, any future model of T cell selection that attempts to deal with the population dynamics of T cell clones, will have to take secondary rearrangements into account.
The fraction of clones surviving the overall selection, f, is equal to the fraction of cells surviving selection, which is well established (ϳ3%; Ref. 50) , divided by the average size of a T cell clone in the thymus. Estimating thymic clonal expansion from the incorporation of 5-bromo-2Ј-deoxyuridine (BrdU) leads to the conclusion that thymocytes undergo one to three divisions after completion of TCR rearrangement, which corresponds to a clone size of two to eight cells in the naive repertoire. Alternatively, one can measure the dilution of 5-(and 6-) carboxyfluorescein diacetate succinimidyl ester (CFSE), a membrane binding dye, on the surface of dividing thymocytes. Using this technique, Hare et al. (56) found that the clone size of mature thymocytes could be as high 64 cells, and an additional analysis of their data show that it averaged 9 -12 cells. According to our model, an alloreactivity Ն1% implies that, on average, no more than 3.6 clonal divisions occur in the thymus, which means that average clone size should be Յ12 cells. Also, we find that at least one division is required to get a restriction ratio Ն6. Thus, thymocytes should undergo 1-3.6 clonal divisions on average, and the average clone size should be 2-12 cells. This prediction of the model is consistent with estimates based on BrdU and CFSE experiments. Thus, the upper bound of six thymic divisions (56) should hold only for a minority of thymocytes.
We found that if affinity drives selection, then the frequency of clones responding to a foreign peptide presented on self MHC is inversely proportional to the number of distinct self peptides controlling thymocyte development. The model predicts that a response frequency in the experimental range 10 Ϫ6 -10 Ϫ4 (13, 14) is possible only if any given self MHC presents 10 3 -10 5 self peptides. This range is supported by elution studies, in which self peptides were eluted from the surface of APC and separated by mass spectroscopy or HPLC (34 -37) . Given that as many as 10 8 distinct self peptides could in principle be extracted from all self proteins (see section on parameters), the range 10 3 -10 5 implies that the overall process of protein cleavage, and peptide transport and presentation is extremely selective. Only one peptide in 10 3 -10 5 would be presented on a given MHC. These latter numbers are disturbingly small considering that only ϳ3 ϫ 10 3 different peptides can be extracted from a virus of ϳ10 4 base pairs, such as HIV-1. (For example, the 9 genes of HIV-1 strain HXB2 (GenBank accession number txid11706) encode 9 proteins with a total of 3034 aa. For each protein nonamers can be generated ending at position 9, 10, . . . . Thus, 3034 Ϫ (9 ϫ 8) ϭ 2962 nonamers can be extracted from HXB2.)
T cell development has been investigated from a variety of perspectives encompassing, on the one hand, molecular events underlying T cell selection and activation, and on the other hand, dynamics of thymic cell populations. However, the two levels of observation are not independent: molecular processes control population dynamics, and both determine T cell repertoire properties. A thorough understanding of T cell selection cannot be achieved without revealing the quantitative relationships between the these two levels of description of thymic selection. Our study is a first step toward such a unification. It reveals how quantitative parameters inferred from data on cellular and molecular level experiments contribute to the shaping of the mature T cell repertoire.
